Cancer-associated fibroblasts (CAF) stimulate tumor growth and metastasis. Signals supporting CAF function are thus emerging as candidate therapeutic targets in the tumor microenvironment. The chemokine CXCL14 is a potent inducer of CAF protumorigenic functions. This study is aimed at learning how the protumoral functions of CXCL14-expressing CAF are maintained. We found that the nitric oxide synthase NOS1 is upregulated in CXCL14-expressing CAF and in fibroblasts stimulated with CXCL14. Induction of Nos1 was associated with oxidative stress and occurred together with activation of NRF2 and HIF1a signaling in CXCL14-expressing CAF. Genetic or pharmacologic inhibition of NOS1 reduced the growth of CXCL14-expressing fibroblasts along with their ability to promote tumor formation following coinjection with prostate or breast cancer cells. Tumor analysis revealed reduced macrophage infiltration, with NOS1 downregulation in CXCL14-expressing CAF and lymphangiogenesis as a novel component of CXCL14-promoted tumor growth. Collectively, our findings defined key components of a signaling network that maintains the protumoral functions of CXCL14-stimulated CAF, and they identified NOS1 as intervention target for CAF-directed cancer therapy. Cancer Res; 74(11); 2999-3010. Ó2014 AACR.
Introduction
CXCL14, also designated BRAK, MIP-2g, or BMAC, is an orphan member of the CXC chemokine subfamily. Earlier studies have indicated a broad chemotactic activity for various cell types, including immature dendritic cells, monocytes, macrophages, and natural killer cells, but not T cells (1) . However, analyses of CXCL14 knockout mice have indicated that CXCL14 is not required for dendritic cell and macrophage function under in vivo inflammatory conditions (2) . The functional roles of CXCL14 in tumor biology have been addressed in a number of studies and indicate context-dependent pro-or antitumoral effects (1) . Some studies, analyzing effects of CXCL14 overexpression in cancer cells, have reported antitumoral and antiangiogenic effects (3) (4) (5) (6) . Protumoral effects of CXCL14 have been suggested based on evidence for upregulation of CXCL14 in the tumor stroma and cancer-associated fibroblasts (CAF; refs. 7, 8) . Experimental support for this notion was obtained in our previous study, which demonstrated enhanced protumoral effects of CXCL14-producing fibroblasts in a prostate cancer animal model (8) . Tumors composed of LNCaP prostate cancer cells and fibroblasts overexpressing CXCL14 (LNCaP/NIH-CXCL14) developed much faster than control tumors (LNCaP/NIH-ctr) and displayed enhanced ingrowth of vessels and monocytes. Further analyses confirmed increased activity of CXCL14 fibroblasts, as compared with control fibroblasts, with regard to chemoattraction of monocytes and stimulation of angiogenesis (8) . The intracellular signaling that mediates the effects of CXCL14 is poorly characterized, so far pointing only to CXCL14-induced calcium influx and activation of NF-kB and extracellular signal-regulated kinase (ERK; refs. 8, 9) . The aim of this study was to further characterize the mechanisms involved in the protumoral effects of fibroblast-derived CXCL14. We compared the effects of control (NIH-ctr) fibroblasts and CXCL14-expressing fibroblasts (NIH-CXCL14) in tissue culture and animal xenograft models, and identified NOS1 as a novel component of the intracellular signaling that contributes to the tumor-promoting effects of CXCL14-expressing fibroblasts.
Medium (DMEM; Thermo Fisher Scientific) supplemented with 10% FBS (Thermo Fisher Scientific), 1% Glutamine (Thermo Fisher Scientific), and 1% penicillin/streptomycin (Thermo Fisher Scientific). MCF7-GFP and LNCaP-GFP cancer cells, established in our laboratory, were cultured in DMEM and RPMI (Hyclone), respectively, supplemented with 10% FBS, 1% Glutamine, and 1% penicillin/streptomycin. L-NNA (N w -nitro-L-arginine), an irreversible inhibitor of NOS1 and a reversible inhibitor of NOS2; PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide), a NO-scavenger; the NO-donor SNAP (S-nitroso-N-acetyl-D L-penicillamine); BSO (L-buthionine-sulfoximine), a glutathione-synthesis inhibitor; H 2 O 2 , DMNQ (2,3-dimethoxy-1,4-naphthoquinone), a stimulator of superoxide production, and crystal violet were purchased from Sigma-Aldrich. Recombinant CXCL14 was purchased from R&D Systems and Peprotech with no difference in performance in our hands.
The antibodies detecting NOS1 (Cell Signaling Technology), Nitrotyrosine, N-tyr, clone 1A6 (Millipore), pERK and ERK (Cell Signaling Technology), and a-tubulin (Sigma-Aldrich) as loading control were used for Western blot analyses. Primary antibodies recognizing CD31 (BD Biosciences), F4/80 (AbD Serotec), CD68 (AbD Serotech), LYVE-1 (Reliatech), and panNOS (Abcam), in addition to peroxidase-coupled secondary antibodies, were used to stain human and mouse tissue by immunohistochemistry and immunofluorescence.
Establishment of fibroblast derivatives with stable knockdown of NOS1
Fibroblast derivatives with stable knockdown of Nos1 were established as described in Supplementary Materials and Methods.
Immunohistochemistry, quantitative real-time PCR, immunoblotting analysis
Immunohistochemistry, immunofluorescence, immunoblotting, and quantitative real-time PCR (qRT-PCR) analyses were performed as previously described (8) . Immunohistochemistry staining was quantified by grading the fraction of stained area of each tumor section on a scale ranging from 0 (no signal) to 5 (signals distributed over the whole section). Immunoblotting signals were monitored by ImageQuant LAS4000 (GE Healthcare) and quantified using Image J (http://imagej.nih.gov/ij). The qRT-PCR primer (SigmaAldrich) used to study gene expression is listed in Supplementary Materials and Methods.
Transfection of siRNA
Fibroblasts (2.5 Â 10 3 ) were seeded per well of a 96-well plate. The next day 100 nmol/L siRNA, target-specific and nontargeting control, was transfected into fibroblasts using Polyfect reagent (Qiagen). The cells were incubated for 24 hours in presence of the transfection mixture and then medium was replaced by serum-reduced DMEM. The number of cells after growth for 3 days under low serum conditions was determined by crystal violet staining (see Supplementary Material and Methods).
To analyze the efficiency of siRNA-mediated knockdown, 8 Â 10 4 fibroblasts were seeded per well of a 6-well plate. The cells were transfected with target-specific or nontargeting siRNA using Polyfect. Medium was changed to serumreduced DMEM the next day and cells were lysed to extract RNA according to the manufacturer's protocol (GenElute; Sigma-Aldrich).
Cell-based assays
The different assays used to analyze cell growth and migration, reactive oxygen species (ROS) and glutathione levels, and the activation of the antioxidant response element (ARE)-and HIF1a response element (HRE) are described in detail in Supplementary Materials and Methods.
Xenograft study
Animal experiments were conducted in accordance with national guidelines and approved by the Stockholm North Ethical Committee on Animal Experiments, and performed similar to as previously described (8) . In brief, 2 Â 10 6 cancer cells (LNCaP or MCF7) admixed with 1.2 Â 10 5 fibroblasts (NIH-ctr/shCtr, NIH-CXCL14/shCtr, NIH-CXCL14/shN1:1, and NIH-CXCL14/shN1:3) were injected s.c. in the right flank of 5-to 7-week-old severe combined immunodeficient (SCID) mice. Tumor growth was followed over time by palpating the tumors twice per week. When tumors reached a size between 600 and 900 mm 3 , mice were sacrificed and tumors were frozen in liquid nitrogen and stored at À75 C for subsequent immunohistochemical and qRT-PCR analyses.
Statistical analyses
All data are expressed as the mean SEM. GraphPad Prism 5.0d for Mac (GraphPad Software) was used for all statistical analyses. Student unpaired two-tailed t tests, Mann-Whitney, one-way ANOVA with Newman-Keuls Multiple Comparison post-tests and two-way ANOVA with Bonferroni post-tests were performed to determine if differences among different experimental groups or treatment conditions are statistically significant. Spearman correlation was used to analyze a potential correlation between two different experimental parameters ( Ã , P < 0.05; ÃÃ , P < 0.01).
Results

NOS1 expression is enhanced in CXCL14 fibroblasts
To further understand the enhanced protumoral effects of CXCL14-expressing fibroblasts, as compared with control fibroblast, a comparative gene expression analysis was performed. This analysis demonstrated that more than 600 genes showed a larger than 2.5-fold differential expression (unpublished observation).
Among the upregulated genes, Nos1 was selected for further analyses. NOS1, nitric oxide synthase 1 or nNOS, is one of three isoforms of nitric oxide synthases (NOS). NOS1, NOS2 (iNOS), and NOS3 (eNOS), and their product nitric oxide (NO) exert profound effects on both malignant and nonmalignant cells and tissues (10) . Thus, NOS1 seemed as a potential candidate that functionally contributes to the different effects associated with the protumorigenic action of CXCL14-expressing fibroblasts (8).
Upregulation of NOS1 mRNA and protein in cultured CXCL14 fibroblasts was confirmed by qRT-PCR, immunoblotting, and immunocytochemistry ( Fig. 1A and B) . In contrast, Nos3 was not upregulated in CXCL14 fibroblasts, and Nos2 was not expressed by NIH fibroblasts (Fig. 1A) . Increased expression of NOS1 was also demonstrated in LNCaP/NIH-CXCL14 tumors by immunohistochemical analysis of tumor sections (Fig. 1C) . NOS1 was detected mainly in the nucleus of cultured fibroblasts (Fig. 1B) and in fibroblasts of xenograft tumors (Fig.  1C) . Tumor expression of Nos1 correlated significantly with CXCL14 levels (r ¼ 0.797; P ¼ 0.0029) in LNCaP/NIH-ctr and LNCaP/NIH-CXCL14 tumors, suggesting a functional link between those two factors (Fig. 1D) . Furthermore, stimulation of NIH-ctr fibroblasts with recombinant CXCL14 induced expression of Nos1 over time ( Supplementary Fig. S1A ), thus establishing a connection between CXCL14-induced signaling and Nos1 expression.
Analysis of human prostate tumor material, using a panNOS antibody, also demonstrated NOS expression in prostate cancer, including focal expression in tumor stroma (Fig. 1E) .
Upregulation of NOS1 is associated with increased protein nitration, but not with increased NO secretion
The upregulation of NOS1 suggests a concomitant increased production and release of NO by CXCL14 fibroblasts. However, NIH-CXCL14 cells did not secrete enhanced levels of NO into the surrounding medium compared with NIH-ctr ( Fig. 2A) . Moreover, introduction of the NO-donor SNAP demonstrated that the SNAP-stimulated NO release is quenched in NIH-CXCL14 compared with control fibroblasts (Fig. 2A) . These data indicate that NOS1-derived NO is rather consumed in intracellular processes. The finding that CXCL14 fibroblasts displayed a higher degree of tyrosine nitration compared with control fibroblasts (Fig. 2B ) supports this idea. Tyrosine nitration is an irreversible posttranslational modification of increasingly recognized importance and indicative of nitrosative stress caused by elevated NO levels (11) .
To gain further insight in the role of NOS1 in CXCL14 fibroblasts, derivatives with stable knockdown of Nos1 (designated shN1:1, shN1:2, shN1:3) were established. Successful knockdown of NOS1 in NIH-CXCL14 cells was confirmed on protein ( Fig. 2B ) and mRNA level ( Supplementary Fig. S2 ). Tyrosine nitration in NIH-CXCL14 cells was reduced in the Nos1-knockdown derivatives in a manner that paralleled the level of Nos1 knockdown (Fig. 2B) . Finally, enhanced activation of the mitogen-activated protein kinase pathway in CXCL14 fibroblasts, as compared with control fibroblasts, was also affected by impaired NOS1 expression, suggesting that NOS1/NO is implicated in the induction of this signaling pathway (Fig. 2B ). These data support the view that the increased NO, derived from enhanced NOS1 expression in CXCL14 fibroblasts, is used in intracellular processes, rather than being secreted.
Induction of NOS1 expression is a consequence of oxidative stress in CXCL14 fibroblasts
Signaling by NO is closely linked to the action of ROS and vice versa (11) . Because CXCL14 induced the formation of ROS in fibroblasts (Fig. 3A) , and the CXCL14-stimulated induction of Nos1 occurred after the induction of heme oxygenase 1 (Hmox1 or HO-1), an indicator of oxidative stress ( Supplementary  Fig. S1A ), we entertained the possibility that upregulation of NOS1 in NIH-CXCL14 cells is a consequence of ROS-induced oxidative stress in these fibroblasts.
Evidence of increased oxidative stress in NIH-CXCL14 cells was provided by analyses using an ARE-coupled reporter that monitors the activity of NRF2, a transcription factor activated upon oxidative stress that controls a transcriptional program regulating cellular stress signaling (12, 13) . Treatment of NIHctr cells with DMNQ, a compound stimulating superoxide production in cells, clearly stimulated the ARE promotor (Fig.  3B) . Comparison of NIH-ctr and NIH-CXCL14 cells revealed a similarly pronounced activation of the ARE reporter in CXCL14 fibroblasts (Fig. 3B ). Furthermore, the expression level of the NRF2-target Hmox1 was clearly enhanced in NIH-CXCL14 cells ( Supplementary Fig. S1B ). In line with recent findings suggesting a link between NO, NRF2, and activation of HIF1a signaling (14, 15) , an enhanced activation of the HIF1a response element HRE in NIH-CXCL14 cells was also detected ( Supplementary Fig. S3 ). Interestingly, short-term stimulation of fibroblasts with CXCL14 failed to induce a robust NRF2 and HIF1a response, suggesting that the increased ARE and HRE activity observed in CXCL14 fibroblasts represents an adaptation of fibroblasts to a chronic stimulation with CXCL14 (Fig. 3B) . Increased oxidative stress in NIH-CXCL14 cells, compared with NIH-ctr cells, was also indicated by increased levels of total and oxidized glutathione (Fig. 3C) .
Next, we investigated if NOS1 expression could be induced as a result of oxidative stress in fibroblasts. DMNQ-derived superoxide significantly stimulated the expression of NOS1 in NIH-ctr cells, in an antioxidant sensitive manner ( Fig. 3D and Supplementary Fig. S4 ). Furthermore, DMNQ also promoted tyrosine nitration, and this effect was even more pronounced in the presence of N-acetyl-L-cysteine (NAC; Fig. 3D with previous data demonstrating a role of ROS in restricting NO signaling (16) . Moreover, the enhanced ARE signaling in CXCL14 fibroblasts was not compromised by Nos1 downregulation (Fig. 3E) , supporting the hypothesis that the increased production of ROS occurs upstream of NOS1 induction.
These data raised the possibility that NOS1-derived NO is used to balance increased ROS levels in CXCL14 fibroblasts. Accordingly, sequestration of NO in NIH-CXCL14 cells would increase intracellular ROS levels and, thus, strengthen the dependence of these cells on other ROS scavenging systems such as glutathione. To test this hypothesis, the growth of NIH-CXCL14 cells was analyzed in presence of the NO scavenger PTIO or BSO, an inhibitor of glutathione synthesis, or when using both compounds in combination ( Supplementary Fig.  S5A ). CXCL14 fibroblasts were particularly sensitive to the combined treatment of BSO and PTIO. The growth-inhibitory effect of the combination was about 56% compared with 35% (BSO) and 17% (PTIO) of the single agents and indicative of cell death, in contrast with the mono-treatment ( Supplementary  Fig. S5A ). A similar effect was observed in BSO-treated CXCL14 fibroblasts with suppressed NOS1 expression ( Supplementary  Fig. S5B ). This implies that the BSO-mediated increase in ROS levels is cytotoxic in the absence of NO, and confirms the ROSbalancing effect of NOS1-derived NO.
Together, these findings demonstrate that oxidative stress promotes NOS1 expression in fibroblasts, and more specifically suggest that oxidative stress contributes to the induction of NOS1 in CXCL14 fibroblasts.
NOS1 contributes to the growth and migration of CXCL14 fibroblasts CXCL14 fibroblasts have previously been shown to exhibit functional properties of CAFs (8) . However, mRNA levels of fibronectin (Fn1), collagen (Col1a1, Col18a), and a smooth muscle actin (aSMA; Acta2), the proto-typical marker of myofibroblasts, were not elevated in NIH-CXCL14 compared with NIH-ctr cells (Supplementary Fig. S6A ). Furthermore, NIH-CXCL14 cells did not show an enhanced ability to contract collagen ( Supplementary Fig. S6B ). Despite the lack of abundant Acta2 expression, CXCL14 fibroblasts expressed enhanced levels of other CAF markers, such as decorin (Dcn), vimentin (Vim), Fgf2, and Fsp1/ S100A4 ( Supplementary  Fig. S6A ). Fsp1 has been proposed as a marker of a functionally discrete CAF subtype (17) . The expression level of tenascin C (Tnc), previously shown to be associated with the Fsp1-positive CAF subtype (18) , was also enhanced in NIH-CXCL14 compared with NIH-ctr cells. In contrast, expression of Pdgfra and Pdgfrb, both marker of additional CAF subsets, was not induced in NIH-CXCL14 fibroblasts (Supplementary Fig.  S6A ). Importantly, NOS1 was found to affect the expression of some of these factors such as Fsp1, Vim, Fn1, and Fgf2 ( Supplementary Fig. S6A ).
To evaluate the importance of increased NOS1 levels on functional properties of CXCL14 fibroblasts, we studied the in vitro behavior of NIH-CXCL14 cells under various conditions of impaired NOS1/NO signaling. Using cell counting and proliferation assays, we have previously demonstrated that NIH-CXCL14 cells are able to proliferate under low serum conditions (1% FBS), whereas NIH-ctr fibroblasts are not (8) . These earlier findings were confirmed using a crystal violet-based assay (Fig. 4) . Experiments with the NOS inhibitor L-NNA (Fig.  4A) and PTIO (Fig. 4B ) demonstrated that both agents significantly reduced the growth rate of NIH-CXCL14 cells without major effects on the growth of control fibroblasts.
To more directly investigate the importance of NOS1 for the growth of NIH-CXCL14 cells under low serum conditions, experiments with Nos1-targeting siRNA were performed. Impaired Nos1 expression reduced NIH-CXCL14 fibroblast growth as compared with cells transfected with control siRNA (Fig. 4C) . This NOS1-dependent growth of NIH-CXCL14 cells was also confirmed when cell growth was determined by cell counting (Fig. 4D) .
Although NOS1 is important for the stimulation of CXCL14-fibroblast growth, it seemed to be dispensable for the growth of these cells under conditions of oxidative stress ( Supplementary  Fig. S7A ). Interestingly, NOS1 was found to act as an important mediator of the NIH-CXCL14-supported growth of prostate and breast cancer cells exposed to an oxidizing environment ( Supplementary Fig. S7B ).
Upregulation of CXCL14 in fibroblasts is also associated with increased migration of these cells (8) . This behavior is-at least in part-dependent on the NOS1/NO axis, as the migration of NIH-CXCL14 cells was reduced by PTIO (Fig. 4E) .
Together, these experiments demonstrate that the upregulation of NOS1 in CXCL14 fibroblasts is functionally linked to the migratory and proliferative in vitro phenotypes of these cells.
NOS1 depletion in CXCL14 fibroblasts reduces their tumor-supportive capacity in vivo
To assess the importance of NOS1/NO in the protumorigenic effects of CXCL14-expressing fibroblasts, we compared NIH-ctr/shCtr, NIH-CXCL14/shCtr, and two different NIH-CXCL14 derivatives with diminished Nos1 expression (shN1:1 and shN1:3), in the LNCaP coinjection tumor model. As shown in Fig. 5A , downregulation of Nos1 in the CXCL14-overexpressing fibroblasts significantly reduced tumor growth in this prostate cancer model.
The effects of fibroblast-derived CXCL14, and its potential NOS1 dependency, were also investigated in a breast cancer model in which three different fibroblasts (NIH-ctr/shCtr, NIH-CXCL14/shCtr, NIH-CXCL14/shN1:3) were coinjected with the estrogen receptor-positive breast cancer cells MCF7. These experiments demonstrated, even more clearly than the prostate cancer model, an enhanced tumor-supportive ability of CXCL14 fibroblasts (NIH-CXCL14/shCtr) and a critical role of NOS1 in the CXCL14 fibroblasts in this process (Fig. 5A) .
It was noted in both the breast and prostate cancer model that the diminished tumor growth mediated by Nos1 knockdown in CXCL14 fibroblasts was not fully reduced to the level of the control (NIH-ctr/ shCtr) tumors (Fig. 5A ). This suggests that also other NOS1-independent mechanisms contribute to the tumor-promoting effect of CXCL14 fibroblasts.
A specific comparison of the early growth of tumors demonstrated that NIH-CXCL14/shCtr fibroblasts seemed to be particularly efficient in supporting the initial growth (0-15 mm 3 ) of the prostate and breast tumors (Fig. 5B) . This effect was reduced in developing tumors with CXCL14 fibroblasts lacking NOS1 expression (shN1:1 and shN3), implying a critical role of NOS1 in tumor initiation.
These experiments thereby demonstrate that enhanced NOS1 expression is causally linked to the tumor-supportive capacity of CXCL14 fibroblasts and particularly involved in the early phase of tumor development.
NOS1 downregulation reduces tumor macrophage infiltration in CXCL14 tumors
LNCaP/NIH-CXCL14 tumors are characterized by increased vessel density and increased macrophage infiltration, as compared with LNCaP/NIH-ctr tumors (8) . Analyses of CD31 immunostaining of tumor sections confirmed the previous observation of increased vessel density in LNCaP/NIH-CXCL14/shCtr tumors compared with LNCaP/NIH-ctr/shCtr tumors ( Supplementary Fig. S8A ). This difference also remained when the number of vessels was analyzed separately.
However, downregulation of Nos1 in CXCL14 fibroblasts did not have a major impact on vessel number and density ( Supplementary Fig. S8A ). No CXCL14-and/or NOS1-dependent effects on vessel density were observed in the experimental breast tumors (Supplementary Fig. S8B ). We noted that the proportion of blood vessels was in general much higher in the breast compared with the prostate cancer model, suggesting tumor-type-dependent differences and breast tumors being less sensitive to the proangiogenic effect of CXCL14 fibroblasts. Additional analyses revealed that fibroblast-derived CXCL14 promoted the ingrowth of lymphatic vessels in both LNCaP and MCF7 tumors. However, this effect was not dependent on the presence of fibroblast-expressed NOS1 ( Supplementary  Fig. S9B ).
In agreement with previous findings (8), the number of infiltrating macrophages was increased in LNCaP/NIH-CXCL14/shCtr tumors (Fig. 6A) . Importantly, a reduction in macrophages was observed in the LNCaP tumors following downregulation of Nos1 in the NIH-CXCL14 cells (Fig. 6A) . The same pattern-but even more prominent-was observed in the breast cancer model. The clearly increased infiltration of macrophages in MCF/NIH-CXCL14:shCtr tumors was significantly diminished in tumors with Nos1 knockdown in the CXCL14 fibroblasts (Fig. 6B) .
Together, these data implicate NOS1 as an important determinant of the protumorigenic effects of CXCL14 fibroblasts in the prostate and breast cancer model, and also suggest regulation of macrophage infiltration as one contributing mechanism.
Discussion
The present study identifies NOS1 as a novel, oxidative stress-induced integral component of CXCL14 signaling in fibroblasts (Figures 1-3) , which contributes to the autocrine promigratory and proproliferative effects of CXCL14 (Figure. The growth of fibroblasts, NIH-ctr and NIH-CXCL14, was studied after transfection of nontargeting siRNA (siCtr) or Nos1-specific siRNA. After transfection of the cells, medium was changed to serum-reduced condition and cultures were maintained for 3 days (C) or for the indicated number of days (D). Data, mean AE SEM. Ã , P < 0.05; ÃÃ , P < 0.01 (two-way ANOVA). Growth was determined by measuring the absorbance of crystal violet-stained fixed cells (A-C) and cell counting (D). E, migration of CXCL14 fibroblasts was analyzed in a wound healing assay after culture of cells in the presence of vehicle (HCl) or different concentrations of the NO scavenger PTIO. The width of the wound of crystal violet-stained cells was determined after 24 and 48 hours of culture in serum-reduced medium. Data, mean AE SEM. ÃÃ , P < 0.01 (two-way ANOVA). Data in A-E are derived from four to six independent analyses, each performed in quadruplicates.
associated with CCL5 and CXCL12 signaling (19) (20) (21) , proposing ROS and NO as general mediators of chemokine signaling. Importantly, CXCL14-induced NOS1 also plays a crucial role in the ability of CXCL14 fibroblasts to promote tumor growth in vivo (Fig. 5) , including tumor macrophage recruitment (Fig. 6) . The clinical relevance of the connection between Nos1 and CXCL14 revealed in experimental settings (Fig. 1D) was substantiated by significant associations of these factors in two different collections of clinical tumor samples (Supplementary Fig. S10; refs. 22, 23 ). This study thus identifies NOS1/NO signaling as a potential target for interference with the functions of protumoral CXCL14 fibroblasts.
The increased expression of NOS1 in CXCL14 fibroblasts was not accompanied by enhanced secretion of NO from these cells (Fig. 2A) . We therefore conclude that the NOS1-derived increased NO is predominantly used in chemical reactions controlling intracellular processes. This is supported by evidence of NOS1-dependent enhanced tyrosine nitration found in CXCL14 fibroblasts (Fig. 2B) . Tyrosine nitration occurs as a result of elevated NO levels causing nitrosative stress (11) , and has recently been recognized as an important posttranslational modification for chemokines with strong impact on their mode of action (24) . In addition, intracellular NO in NIH-CXCL14 cells may be converted to different reactive nitrogen species (RNS), signaling molecules with a broad range of effects from stimulating proliferation to cell killing (25, 26) . A significant proportion of NOS1 was detected in the nucleus of cultured fibroblasts, and nuclear NOS1 was also observed in prostate xenograft tumors ( Figure 1B and C) . Nuclear NOS1 has previously been linked to transcriptional regulation, as for example shown by its effect on the action of the SP1 transcription factor (27) . Also, a recent study focusing on NOS3 described nuclear complexes composed of NOS3/HIF1a and NOS3/ERb in prostate cancer cells (28) . Together, these findings suggest that NOS1-dependent phenotypes of NIH-CXCL14 fibroblasts are largely independent of secreted NO, and rather occur as a result of intracellular effects of NO, eventually supplemented by NOS1-regulated transcriptional changes.
Enhanced oxidative stress was uncovered as another characteristic of CXCL14 fibroblasts as demonstrated through findings of increased activity of the NRF2-controlled ARE reporter (Fig. 3B ) and increased levels of total and oxidized glutathione (Fig. 3C ). Both occurred in the absence of an apparent increase in steady-state levels of ROS (Fig. 3A) . The oxidative stress response is concluded to seem upstream of NOS1 induction, since ARE activity was not affected by NOS1 downregulation in NIH-CXCL14 cells (Fig. 3E ). This notion is further supported by the observation that the induction of Hmox1, a factor expressed upon oxidative stress, preceded Nos1 induction in CXCL14-stimulated fibroblasts (Supplementary Fig. S1 ). Moreover, NOS1 expression was triggered by oxidative stress in fibroblasts (Fig. 3D) . A similar redox-phenotype, characterized by an adaptive response to ROS, including an activated NRF2 pathway and increased glutathione levels, but absence of increased ROS levels, was recently described also in fibroblasts endogenously expressing oncogenic RAS (29) . Interestingly, HIF1a signaling, evident by stimulation of a HRE reporter, was also augmented in CXCL14 fibroblasts (Supplementary Fig. S2 ). To what extent this response is responsible for the previously described upregulation of angiogenic factors in CXCL14 fibroblasts (8) should be investigated in future studies. The increased nuclear expression of NOS1 and activation of HIF1a signaling in NIH-CXCL14 cells ( Fig. 1 and Supplementary Fig. S2 ) suggests a similar regulation as previously described for NOS3 that forms complexes with HIF1a, HIF2a, and other transcription factors in the nucleus of prostate cancer cells (28) . Importantly, this study also demonstrated that increased nuclear expression of NOS3 and HIF2a is associated with bad prognosis in prostate cancer, suggesting clinical relevance of this signaling.
The presence of oxidative stress, and the increased expression of NOS1 in CXCL14 fibroblasts suggested a connection between enhanced ROS and NOS1/NO signaling. The relevance of the reciprocal, multilayered interplay of ROS and NO is well established. ROS, on the one hand, have been shown to constrain NO-induced signaling (16) . In return, NO can act as a powerful antioxidant (30) , and reactions of ROS and NO can give rise to various RNS (11) . We conclude from the ROSinduced NOS1 expression (Fig. 3D ) and the NOS1-independent, increased activation status of the HIF1a and NRF2 pathway in NIH-CXCL14 derivatives (Fig. 3E ) that upregulation of NOS1 occurs in response to CXCL14-induced oxidative stress. Furthermore, NOS1-derived NO seems to control, in concert with other upregulated ROS scavengers (e.g., glutathione), the extent of ROS formation and oxidative stress levels in CXCL14 fibroblasts. It is well established that the local production and intracellular flux of ROS needs to be tightly regulated. A physiologic increase of intracellular ROS can stimulate, e.g., cell proliferation, whereas high ROS levels can have detrimental effects, eventually leading to cell death (31) . An ROSinduced NOS expression has been described in other cell types, including prostate cancer cells and endothelial cells (32, 33) . Upregulation of NOS and NO thus seems as a common and integrated part of an adaptive response to oxidative stress. Finally, downregulation of Nos1, or NO scavenging with PTIO, renders NIH-CXCL14 cells particularly sensitive to BSO-mediated glutathione depletion, thus suggesting a functional interplay between the glutathione and NOS1 system in the oxidative stress response of NIH-CXCL14 cells ( Supplementary Fig. S3A  and S3B) .
Beside a role in ROS detoxification, the concomitant induction of NOS1 and ROS scavengers also enhances the capacity of CXCL14 fibroblasts to handle increased amounts of ROS, NO, and/or RNS that would otherwise have an adverse effect. Interestingly, we found that NIH-CXCL14 cells promote the initial growth of LNCaP and MCF7 tumors in vivo in which tumors pass a hypoxic phase, and this ability was clearly impaired in CXCL14-fibroblast derivatives with Nos1 knockdown (Fig. 5B ). This implies a NOS1/NO-dependent production of paracrine-acting factors by CXCL14 fibroblasts that support the growth of cancer cells in an oxidative stressinducing microenvironment. This notion is further supported by the evidence for an involvement of NOS1 in the paracrine effects of CXCL14 fibroblasts under conditions of oxidative stress ( Supplementary Fig. S7B ). The identification of these paracrine factors and inhibition of their action is an important task for future studies that might present novel strategies to block early tumor growth. Other recent studies have also recognized the importance of ROS-and NOS/NO-induced signaling pathways in the establishment of a myofibroblast/ CAF-phenotype with tumor-promoting activity (34, 35) .
The present study provides evidence that enhanced NOS1 expression in NIH-CXCL14 cells contributes to their previously described CAF-phenotype that is characterized by cell autonomous and paracrine protumoral effects. Nos1 downregulation, or treatment with NO scavengers, neutralized the increased in vitro migration and proliferation of NIH-CXCL14 cells (Fig. 4) . The analyses of the protumorigenic effects of CXCL14 fibroblasts in this study extend the findings of our previous study by showing enhanced protumoral effects of CXCL14 fibroblast also in a MCF7 model of breast cancer (Fig. 5) . About the mechanisms that are involved in this effect, the present study identifies enhanced lymphangiogenesis as a novel phenotype induced by CXCL14 fibroblasts in LNCaP and MCF7 tumors ( Supplementary Fig. S5 ), besides the increased blood vessel infiltration previously described in the prostate cancer model (8) . Importantly, the tumor-promoting effect of CXCL14 fibroblasts was clearly diminished when the expression of NOS1 is impaired in these fibroblasts (Fig. 5) . It is noted that this occurs in the absence of a major impact on blood and lymphatic vessels recruitment. This implicates other, NOS1/ NO-independent pathways, in the regulation of these processes, such as signaling induced by HIF1a, the prototypic stimulator of angiogenesis whose activity is enhanced in NIH-CXCL14 cells and not affected by Nos1 knockdown (Supplementary Fig. S2 ). Another putative candidate mediator is HMOX1, which was found to be upregulated in NIH-CXCL14 cells (Supplementary Fig. S1B ) and induced upon CXCL14 stimulation of fibroblasts (Supplementary Fig. S1A ). HMOX1 is an enzyme with multimodal effects and has previously been shown to mediate cellular effects of the chemokine CXCL12 (36) . Moreover, HMOX1 can stimulate angiogenesis and is involved in the recruitment and activation of inflammatory cells into tumors (37) .
In contrast with the vascular effects, enhanced macrophage infiltration in CXCL14 tumors in both tumor models was significantly reduced following downregulation of NOS1 in the CXCL14 fibroblasts (Fig. 6) . These findings strongly suggest the recruitment of macrophages as one particularly NOS1-dependent effect of the CXCL14 fibroblasts. The protumorigenic effects of macrophages are well described and linked to their polarization adopting the M2 phenotype (38, 39) . It will be an important topic for further studies to characterize the interplay between CXCL14, CXCL14-producing fibroblasts, macrophage recruitment, polarization, and tumor growth in more detail. In light of the recent finding that tyrosine nitration changes the chemoattractant spectrum of the chemokine CCL2 (24) , and that NOS1 is important for macrophage accumulation in CXCL14 tumors, it will be interesting to address if tyrosine nitration is also important for CXCL14-mediated macrophage recruitment and the adoption of a protumorigenic phenotype, for example by modification of CXCL14 itself or other monocyte-attracting chemokines induced in CXCL14 fibroblasts.
Interestingly, analysis of different CAF markers revealed upregulation of Fsp1 but not Acta2, Pdgfra, and Pdgfrb in NIH-CXCL14 cells compared with NIH-ctr fibroblasts (Supplementary Fig. S6) . Recently, Cortez and colleagues divided the heterogeneous population of CAFs in four discrete, markerbased CAF subsets characterized by either aSMA (Acta2), FSP1, PDGFR-a, or PDGFR-b expression, respectively. (17) . FSP1-expressing CAFs (CAF FSP1 ) are characterized by VEGFA and Tenascin C expression, and have been shown to promote the recruitment of macrophages into the tumor (18, 40) . These are also features of the CXCL14-expressing fibroblasts (Fig. 6 and Supplementary Fig. S6 ), providing evidence for the idea that CXCL14 fibroblasts belong to CAF FSP1 subset. Of note, both the enhanced expression of FSP1 by CXCL14 fibroblasts and their stimulation of macrophage recruitment are partially mediated by NOS1 (Fig. 6 and Supplementary Fig. S6 ), underlining the importance of NOS1 in determining the CAF-phenotype of CXCL14 fibroblasts.
In summary, this study identifies NOS1, NRF2, and HIF1a signaling as previously unrecognized components of autocrine CXCL14 signaling. The NOS1 effects seem largely independent of paracrine NO effects, because NO secretion is not increased in CXCL14 fibroblasts. The data clearly demonstrate that NOS1-induced signals are of major importance for the protumoral effects of CXCL14-expressing fibroblasts and thus suggest novel therapeutic possibilities. Finally, the findings of the study should also encourage continued studies on the role of NOS1 in the intracellular signaling of other chemokines.
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